A prototype for pest development stages forecasting is developed in Kazakhstan exploiting data from the geoinformation technologies and using codling moth as a model pest in apples. The basic methodology involved operational thermal map retrieving based on MODIS land surface temperature products and weather stations data, their recalculation into accumulated degree days maps and then into maps of the phases of the codling moth population dynamics. The validation of the predicted dates of the development stages according to the in-situ data gathered in the apple orchards showed a good predictivity of the forecast maps. Predictivity of the prototype can be improved by using daily satellite sensor datasets and their calibration with data received from a network of weather stations installed in the orchards.
Introduction
According to the data of the Ministry of Agriculture of the Republic of Kazakhstan (MoA RK), inadequate implementation of plant protection measures leads to an increase in infestation of agricultural lands by pests, diseases and weeds, resulting in gross harvest losses of 2.2 million tons or 191 million U.S. dollars annually in 80% of the acreage areas (The Ministry of Agriculture, 2017). Accurate forecasts allow to conduct the most eff ective actions during the phases of the greatest vulnerability of pests.
Pest forecasting models linking the dynamics of the pest development stages with agro-climatic factors (e.g. accumulated temperature, precipitation) have been devel-meteorological data, it is necessary to convert the LST data to match the data from weather stations (2 m above the ground). Conversion of such data is widely discussed in the scientifi c literature, but a uniform approach has not been developed. The majority of studies discuss regional problems of modelling temperatures of surface layer of the atmosphere from space thermal imagery data, focusing on the features of local landscapes (Fu et al., 2011; Benali et al., 2012; Williamson et al, 2014) , while in other works algorithms, usually less successful, for recalculations in continental scales (Vancutsem et al., 2010; Shen and Leptoukh, 2011; Meyer et al., 2016) are proposed.
Land surface temperature (LST) is used in studies on argoclimatology and Integrated Pest management (IPM). Sepulcre-Canto et al. (2007) demonstrated the applicability of LST, derived from Airborne Hyperspectral Scanner (AHS) and ASTER satellite, in olive and peach orchards parameters indicating quality. Sona et al. (2012) applied MODIS LST data in order to calculate temperature vegetation dryness index (TVDI) in the Lower Mekong Basin. Raw LST data in this study was used along with Normalized Diff erence Vegetation Index (NDVI). As already noted, LST is also used in monitoring the risks in agricultural production such as pest's infestation. Lensky, I.M. and U. Dayan (2011) outlined the advantage of MODIS LST data in providing more precise predictions about the timing of Heliothis spp. population expansion in comparasion to weather stations data. LST was used in defi ning the spatial diff erences of sweet corn growth and in order to demonstrate the infl uence of topoclimate on the estimating the dates of the emergence of adult pest from its eclosion. Marques da Silva et al. (2015) studied temporal and spatial distribution of South American tomato moth, Tuta absoluta (Lepidoptera: Gelechiidae) in Portugal comparing LST MSG satellite data and in-situ meteorological data. And revealed a linear regression between Accumulated Degree-Days (ADD) calculated from in-situ and LST data. Blum et al. (2013; compared MODIS LST data and weather stations data for olive grove canopy in the East Mediterranean and claimed LST data to be more accurate than data gathered from meteorological stations and improve the monitoring of the olive fruit fl y (Bactrocera oleae) (Diptera: Tephritidae). Blum et al. (2018) compared MODIS LST data and weather stations data in terms of computing thermal thresholds for cotton bollworm (Helicoverpa armigera), taking also into account parameters such as migration patterns and pesticide use. Yones et al. (2012) used the thermograph and NOAA satellite imagery data in calculating the expected stages of the cotton leafworm Spodoptera littoralis (Boisd.), which were further compared with in-situ data results and produced correction factors to improve the predictability of their model. Blum et al. (2013) built a correction function for LST based on mean diff erences between LST and in-situ temperatures, included in Fourier series. For areas where in-situ measurements were not available, these parameters were estimated with the use of NDVI data.
Thus, despite the fact that the use of raw LST data shows good forecasting results, conversion of LST to meteorological data is still relevant to the present discussion, because the majority of models for forecasting pest development stages are based on meteorological data. The purpose of this study was the development of a prototype National pest forecasting system in the Republic of Kazakhstan based on exploitation of both LST and meteorological data. In accordance with the intended aim, codling moth IPM forecasting models were adopted in a spatial modeling system using remote sensing temperature data, which should improve the spatial accuracy of the forecasts. The work was conducted within the framework of the Project «GIS forecasting technology for the development of codling moth and apple scab in the southeast of Kazakhstan» during 2015-2017.
Materials and methods
Our predictive system was designed to defi ne the spatio-temporal development of 3 vulnerable stages of the codling moth (Cydia pomonella L.). This prototype system uses average meteorological data from stations and data from the MODIS/Terra sensor of the satellite product MOD11A2.
Study area:
The study area is the territory of Southeastern Kazakhstan including more than 600 apple orchards ( Figure 1) .
Data collection and temperature maps: Temperature maps were made with the use of weather stations' data and data derived from Modis/Terra satellite (MODIS/Terra Land Surface Temperature (LST), 2017). Temperatures from the archive of seven meteorological stations with known coordinates were used for calibration and approximation of the remote sensing data to the stations' data (Bulygina et al., 2018) . The MO-D11A2 satellite provides an average 8-day, per-pixel, LST data in a 1200 x 1200 kilometer grid, spatial resolution 1 km (Wan et al., 2015) . Calculation of ADD and phenological parameters of codling moth were based on the bioclimatic model by Pralya (2013) (Table 1) , in which the lower developmental threshold of the pest is 10°C. Designed for the orchards of the European territory of Russia, the model of Pralya (2013) predicts the stages of the South Kazakhstan population of the codling moth quite well. Nevertheless, the ADD values for the beginning of fl ight can vary widely for diff erent geographic populations of the codling moth (Jones et al., 2013) . Our observation makes it possible to make an assumption about some displacement of fl ight start date in the orchards of South Kazakhstan in comparison with the common Pralya model. Therefore, at this stage of the study, 140 ADD (above 10°C) was used as fl ight start date ADD. In Kazakhstan orchards pheromone traps are not consistently used, so we used dates of transition over 140 ADD as fl ight start date for the entire territory of the study. These ADD in accordance with the data of the model were used to calculate other dates of the most vulnerable stages of the codling moth and to build maps of phenological dates. The ADDs matrix was calculated using an image calculator module in Idrisi software (Eastman, 2012) .
Phenological model used for ADD calculation:

Temperature maps and ADD calculation:
Since the average 8-day remote sensing LST data were used, the weather stations' mean daily temperatures were also previously recalculated to the average temperatures for fi fteen 8-day periods (from 14 March until 11 July 2017). The average 8-day LST was calculated as the mean temperature measure-ment for night and daytime images (LST day ; LST night ). The LST values were taken from the LST maps from the raster cells where seven meteorological stations are located. A generalized regression model for converting LST into weather stations' data was calculated in the Statistica program (Hill and Lewicki, 2007) . Then ADD maps were produced with the cumulative total ( Figure 2 ) and ADD maps were recalculated into maps of phenological dates. The modifi ed Pralya model was used to transfer the ADD to phenological dates.
According to the modifi ed Pralya model we have determined the fact that the codling moth's fl ight start date occurs on the date of transition through the threshold of 140 ADD. The fi nal map of phenological dates was created with the use of raster recalculation. Fifteen 8-day period ADD maps were used as input data. On each of fi fteen 8-day period ADD maps we identifi ed pixels, where transition through the threshold of 140 ADD occured for the fi rst time during the relevant 8-day periods. These pixels are highlighted in green in the lower four maps of Figure 3 . During the reclassifi cation, the values of Julian dates of the relevant 8-day period, in which the transition through 140 ADD occurs, were assigned to these pixels. Such operation of reclassifi cation was applied to all 15 layers, then these layers were summed up. Thus, after summing the reclassifi cation results, a single raster was obtained, where each pixel contains a date of transition over 140 ADD. This map is presented in Figure 3 (upper map).
Model validation:
A two-stage verifi cation of Table 1 . The dependence of the codling moth number dynamic phases from Accumulated Degree Days (ADD) above 10° C according to Pralya (2013 
Results and Discussion
The relation between temperature and the dates of the development stages of the apple trees as well as the codling moth was calculated from temperature data of the weather stations and LST received from satellite sensors. The diff erence in average temperatures, and therefore the ADD, calculated from meteorological and remote sensing data is quite signifi cant. However, the correlation between the temperature values is very high (r=0.98-0.99), which makes it possible to convert the LST to the values received from weather stations with a high degree of accuracy (Figure 4 ). In Table 2 for each 8-day period, temperature values averaged across the data of the seven weather stations are presented in 3 variants: 1) average values for meteorological data (T meteo ); 2) average values for LST data (raw LST data); 3) average values for LST converted by using a regression model (LST meteo ).
The following generalized regression formula was derived: LST meteo = 4.6 + 0.056 Figure 4a shows a comparison between the mean 8-day temperatures on the meteorological data (T meteo ), raw LST data and values calculated by the regression formula (LST meteo ). The average 8-day temperatures were recalculated into ADD with a threshold value of 10°C (Figure 4b) . For each weather station, the diff erences between T meteo and raw LST data; T meteo and LST meteo were calculated for the fi fteen 8-day periods. For each variant out of 15 diff erences, RSME (Root Mean Square Error) was calculated. For example, for Kokpekty weather station RMSE by raw LST was 4.69, and by LST meteo was 1.20. The average values of RMSE were: 3.46 for the T meteo approximation variant by raw LST data, 1.62 by LST meteo for model stations, and 1.65 for validating stations (Table 3) .
Thus, the use of the regression model in the weather temperature maps made it possible to improve the accuracy of the meteorological temperature approximation signifi cantly in comparasion to raw LST data.
The mean values of Root Mean Square Errors (calculated by using regression model to validate stations) are quite equal, allowing the assumption that the recalculation error of conversion LST to T meteo is approximately 1.7°C, while the error of using raw LST data is 3.5°C.
Conversion of temperature maps based on remote sensing data into maps of weather stations temperature values allowed cartographic forecasts with previously developed methods using weather station data.
The map of the Julian dates of transition through the threshold of 140 ADD, corresponding to the expected dates at the beginning of the spring fl ight of the codling moth in July 2017 is presented in Figure 3 . Phenological maps, in contrast to pheromone traps, allow us to forecast the dates of essential pesticide treatment not only for separate orchards, but for each site (pixel) of the region. This is especially relevant for Kazakhstan due to the fact that monitoring traps are installed only in few orchards.
In the second stage of validation, actual dates of the fi rst spring fl ight of codling moth, obtained from pheromone traps in 9 orchards in the Almaty region were compared with dates of transition over 140 ADD (above 10°C) at the locations of the orchards on the produced maps. Since our phenological maps were 8-day, daily details were achieved by interpolation of the values of the forecasted transition dates into the 8-day interval. The diff erences between the actual and calculated dates were for diff erent orchards from 0 to 3 days, while the average diff erence for 9 orchards was 1.7 days ( Figure 5 ). The validation of the calculated dates of transition over 140 ADD (above 10°C) was also carried out by comparing the dates calculated for 15 studied stations by T meteo , the dates calculated by raw LST data and the dates calculated by LST meteo (Table 4) . Table 4 is devoted to the results of the dates of transition over 140 ADD validation for meteorological stations. It was calculated similarly to validation of actual dates of the fi rst spring fl ight of codling moth, obtained from pheromone traps in 9 orchards in the Almaty region. The diff erence is that in this case data of meteorological stations was used to calculate the 140 ADD transition dates and was taken as the reference data. The diff erences between meteorological and LST transition dates were in average 3.98 days for model stations (seven stations used for building the regression formula) and 4.11 days -for It should be noted that the accumulation of degree days in the orchards lags behind the accumulation on the arid non-irrigated territory, which occupies a signifi cant part of the area of 1 pixel (spatial resolution 1x1 km) in the southeast of Kazakhstan. Therefore, in the future, to enable the use of the developled model in the Kazakhstan National system for pest development forecasting in real time, layers of average air temperatures of 1km spatial resolution will be created at one day interval. The temperature data received from the temperature sensors of the Modis/Terra will be recalculated into the weather stations' data using the current established calibration regression models. The study territory will be devided into meteorological zones, where each pixel will refer to the area of one weather station and each zone will have its own conversion formula. The layers will be summed up and map of the ADD with a threshold value of + 10°C will be updated on a daily basis. The information to the orchards located in these zones will be transmitted by the sms-communication system and through the web GIS interface 1-2 days before the expected starting date of the codling moth's fl ight. Web GIS interface has already been worked out by Afonin et al. (2016) -http://app.o-gis.org/o-gis/ web/app.php/editor/composition/88.
Conclusions
The study has shown that remote sensing data can be used as a prospective tool in plant protection by producing phenological maps for forecasting pest development stages. In particular, monitoring of ADD values calculated by Modis data makes possible to predict with suffi cient accuracy the timing of the codling moth vulnerable developmental stages and to defi ne optimal dates for farmers to implement pesticide treatment in apple orchards. Further precision of forecasts may relate to the refi nement of agro-ecological maps e.g. medium resolution satellite images (e.g. Landsat TIRS), forecasts can result in a spatial resolution of 30 m; a meteorological zoning technology and a technology for refi ned interpolation of under-cloudy data using the original cliche method and separate regression formulas for each zone would also signifi cantly improve the methodological precision of maps (Afonin et al., unpublished) .
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